Streptomyces griseus, the producer of streptomycin, the streptidine intermediate is 6 -phosphorylated by the product of the gene (strR) determining streptomycin resistance (5, 17) . The demethylphosphinothricin precursor of the bialaphos biosynthetic pathway from Streptomyces hygroscopicus is acetylated by the product of the bar gene, which determines bialaphos resistance (1) . In any case, the final step of the pathway should consist of the hydrolysis of the modified antibiotic to produce the final active molecule. Indeed, such an activation step has been found in the biosynthetic pathways of streptomycin and oleandomycin by S. griseus and Streptomyces antibioticus, respectively. In the first case, 6'-phosphorylstreptomycin is hydrolyzed by a phosphatase to produce streptomycin in the S. griseus culture filtrates. This enzyme is encoded by the strK gene of the streptomycin biosynthetic gene cluster (14) . In the second case, culture media of S. antibioticus contain a deglucosidase which hydrolyzes 2'-glucosyloleandomycin to activate the antibiotic (28) .
Puromycin is an aminonucleoside antibiotic produced by Streptomyces alboniger. The genes determining the puromycin biochemical pathway (pur cluster) are linked in the genome of this organism. They have been cloned in a single DNA fragment of 15 kb in low-copy-number cosmids which can direct puromycin biosynthesis in a regulated manner in both Streptomyces lividans and Streptomyces griseofuscus (12) . Still, the puromycin biosynthetic pathway is not yet completely understood. The genes pac, encoding a puromycin N-acetyltransferase (PAC) (10, 25) , and dmpM, encoding an 0-* Corresponding author.
demethylpuromycin O-methyltransferase (11, 27) , are located in a region of the pur cluster (12) . It has been suggested that the enyme PAC inactivates the precursor N6,N6,O-tridemethylpuromycin by acetylation and that the pathway proceeds via inactivated intermediates to produce N-acetylpuromycin (26) . The presence of this resistance mechanism seems important, since S. alboniger ribosomes are sensitive to puromycin and several of its precursors (19) . The last intermediate, N-acetylpuromycin, which is present in small amounts in culture filtrates of both S. alboniger and S. lividans transformants containing thepur cluster (12), needs to be N hydrolyzed to generate the biologically active final product (26) . Therefore, a gene encoding an N-acetylpuromycin hydrolase should be present in the pur cluster. This work reports the finding of such activity in the culture filtrates of both S. alboniger and S. lividans transformants carrying the pur cluster and the localization and isolation of the corresponding gene.
Detection of an N-acetylpuromycin N-acetylhydrolase (NAPH). S. alboniger ATCC 12461 (20) , S. lividans 66(1326) (7), and Escherichia coli DH5 (6) were described in the indicated references. Streptomyces sp. plasmids were pIJ702 (8) , pFV8 (25), pPB4.6, pPB7.7, pPB4.34, and pCXS (12) . The latter two contain a complete pur cluster and are derivatives of cosmids pKC505 (22) and pJAR4 (24) , respectively. The E. coli plasmid was Bluescript SK (Stratagene). Streptomyces strains were grown in either YEME liquid medium supplemented with 34% sucrose and 5 mM MgSO4 (7) or puromycin production medi'um S (12) . Solid medium for S. lividans and its transformants was R5 (7), and that for S. alboniger was S medium solidified with 2% agar. S. lividans and E. coli were transformed as described elsewhere (7, 18) . When required, antibiotics were added as follows: thiostrepton, 10 and 25 ,ug/ml for liquid and solid media, respectively; apramycin, 25 and 100 ,ug/ml for Streptomyces spp. and E. coli, respectively; hygromycin B, 200 Tris-HCl (pH 7.4) buffer, and 100 puM N-acetylpuromycin. After incubation at 30°C for 30 min, the hydrolase was inactivated by heating at 90°C for 2 min. Reaction mixtures were cooled on ice, and the amount of puromycin produced was then determined by a PAC assay (26) . For this, reaction mixtures were supplemented with 4 RlI of 2 mM [acetyl-3H]coenzyme A (1.6 mCi/mmol; Amersham) and, as a source of PAC activity, 10 pR1 of a 1/100 dilution of an S100 cell-free extract from S. lividans(pFV8) (25) . Reaction mixtures were then incubated at 30°C for 30 min, and the resulting N-[acetyl-3H]puromycin was quantified as described elsewhere (25) . Therefore, 1 pmol of N-[acetyl-3H]puromycin corresponds to 1 pmol of puromycin produced. The amount of background puromycin in culture filtrates from each S. alboniger and S. lividans transformant expressing the pur cluster was determined by a PAC assay prior to the enzymatic determination of NAPH activity. This value was, therefore, substracted from the final value of evaluated puromycin. N-Acetyl-[3H]puromycin was synthesized by treating [3H]puromycin (Amersham) with acetic anhydride as described by Vara et al. (26) . The amount of protein was estimated as described by Bradford (2). Puromycin was obtained from Sigma.
N-Acetyl-[3H]puromycin was incubated in the presence of culture filtrates from S. alboniger, and the reaction products were examined by TLC. Figure 1 shows the presence of a radioactive spot that migrates with an Rf identical to that of puromycin. Similar results were obtained with culture filtrates from S. lividans(pPB4.34), which contains a complete pur cluster in pKC505 (data not shown). Parallel experiments indicated that the reaction product(s) had biological activity against Bacillus subtilis (data not shown). It was concluded that S. alboniger and S. lividans(pPB4.34) produce a NAPH which activates puromycin from the inactive precursor N-acetylpuromycin and that this enzyme is secreted into the culture medium. Such activity was not found in S100 extracts or membrane fractions of S. alboniger (data not shown).
Quantitation of the NAPH activity by TLC was neither accurate nor convenient. Therefore, the hydrolytic reaction was monitored by quantifying the amount of hydrolyzed Nacetylpuromycin by the PAC assay, as described above. By using this procedure, a variety of biochemical properties of NAPH were studied in dialyzed (against 100 mM Tris-HCl [7.4 pH] buffer) culture filtrates of both S. alboniger and S. lividans(pPH1) ( Table 1 ; also, see below). Total inactivation took place in 1 min at 90°C. K+ (10 to 100 mM) had no effect on the activity, whereas 10 to 100 mM Mg2" inhibited it by 40 to 50%.
Finally, NAPH had a broad range of optimum pHs (7 to 9.5). The effect of incubation time indicated that the reaction was linear for at least 50 min (data not shown).
The secretion of NAPH activity was measured during growth in liquid production medium of both S. alboniger and the puromycin-producing transformant S. lividans(pPB4.34) ( Restriction map of the S. alboniger DNA fragments from several plasmids. The restriction maps from plasmids pPB4.34, pPB4.6, and pCXS were modified from those reported previously (12) . Other plasmids were obtained by subcloning the relevant DNA fragments, by using Bluescript, in the PstI-SacI replicon fragment of plasmid pIJ702. Secretion (+) or lack of secretion (-) of NAPH activity by the S. lividans transformants containing the indicated plasmids was determined enzymatically as indicated in the text. The asterisk indicates that the SphI restriction site is not unique in the insert. Horizontal arrows indicate direction of transcription. The genes dmpM, pac, and prg-1 have been previously characterized (12) . Abbreviations: B, BamHI; Bg, BglIl; E, EcoRI; N, NcoI; Nr, NruI; P, PstI; S, SpeI; Sac, SacI; Sm, SmaI; Sp, SphI; X, XhoI; Xb, XbaI. Cloning and expression of the napH gene. Plasmid DNA from Streptomyces spp. and E. coli was prepared as described by Hopwood et al. (7) and Sambrook et al. (23) . Transformation of these organisms was achieved as described by Hopwood et al. (7) . Analysis of DNA with restriction endonucleases and ligation of DNA fragments was performed as described elsewhere (7, 18) .
The secretion of NAPH activity was measured in culture filtrates from a variety of puromycin-producing and nonpuromycin-producing S. lividans transformants containing either an intact or an incomplete pur cluster, respectively, in low-copy-number cosmids (12) . Several of the clones which harbored the entire pur cluster were shown to secrete NAPH activity. As examples, Table 1 and Fig. 3 Fig. 3 ) did not express NAPH activity in S. lividans (Table 1) . A comparison of the restriction maps of pPB4.6 and pCXS suggested that the gene (napH) encoding NAPH was located in the right region of the pur cluster. This was confirmed by subcloning the 4-kb NcoI-XbaI DNA fragment from pCXS into the high-copy-number plasmid pIJ702, which resulted in plasmid pPH1 (Fig. 3) . S. lividans transformants containing pPH1 secreted NAPH activity (Table  1) . By further subcloning experiments, the gene napH was located in a 2.5-kb NcoI-SphI DNA fragment (plasmid pPH4 [ Fig. 3 ; Table 1 ]). Because plasmids pPH2 and pPH3 did not determine NAPH activity, their common, and destroyed, BamHI site must belong to the napH gene ( Fig. 3; Table 1 ).
Conclusions. In certain cases, the biosynthesis of antibiotics by Streptomyces spp. appears to proceed via inactivated precursors (1, 17, 26) . This is presumed to preserve the producer from the toxic effects of the final product and of its precursors. In addition, there is biochemical and genetic evidence suggesting that the inactivating enzymes play a key role in directing the biosynthesis pathway through the correct intermediates (1, 17, 26) . The last precursor is a nontoxic compound which needs to be activated by a hydrolytic step. With respect to puromycin biosynthesis by S. alboniger, this last precursor is the biologically inactive compound N-acetylpuromycin (26) , which would be converted into the active antibiotic by NAPH, described in this work. In this context, NAPH should be considered the enzyme responsible for puromycin activation. This biosynthetic step occurs in the culture filtrates of this organism, thus preventing the presence of the toxic antibiotic intracellularly. The mechanism(s) by which secretion of NAPH and Nacetylpuromycin takes place is not yet known. It is presumed, however, that NAPH would be exported according to any of the several protein secretion models that have been proposed (21) . Concerning N-acetylpuromycin export, it was suggested that bacterial resistance to tetracycline and other antibiotics is conferred by an efflux mechanism which is both mediated by transmembrane proteins and energized by proton-dependent ion gradients (13, 15, 16) . Therefore, it is possible that the ultimate puromycin precursor is secreted in a similar way. Indeed, we have detected at the left region of the pur cluster an open reading frame whose deduced amino acid sequence is similar to those of a variety of membrane-anchored transport proteins which confer antibiotic resistance in a variety of bacteria (unpublished data). This putative polypeptide might perform the N-acetylpuromycin export task.
